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E-mail address: Mehdi.Kabani@lebs.cnrs-gif.fr (M.The yeast Saccharomyces cerevisiae is able to form complex multicellular structures called mats on
low-density agar Petri plates. Mat formation strictly depends on Flo11p, a cell surface mannoprotein
that mediates the adhesion of yeast cells to the agar surface. Here, we show that Swa2p, an auxilin
ortholog required for clathrin-coated vesicle uncoating, is strictly required for bioﬁlm formation.
We show that the maturation and cellular levels of Flo11p are affected in Dswa2 cells, yet without
compromising invasive growth. Both the TPR and J-domains of Swa2p, but not its clathrin-binding
and ubiquitin-association motifs, are required for its function in Flo11p processing.
 2010 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
In nature, in contrast to the way they have been studied for dec-
ades in most laboratories, microorganisms are seldom found as
liquid cultures or clonal colonies on solid media. In the vast major-
ity of cases, microorganisms form bioﬁlms which are complex
communities of microbes that physically interact with each other
and with their surrounding environment. The attachment to biotic
or abiotic surfaces as well as nutrients availability serve as stimuli
that trigger speciﬁc changes in the transcriptome, proteome and
metabolome of these organisms [1–3]. The yeast Saccharomyces
cerevisiae adopts a variety of bioﬁlm-like behaviours through its
ability to ﬂocculate and to form ﬂor and mats [2,4]. The latter are
elaborated structures (see Fig. 1) formed on semi-solid agar sur-
faces that depend on glucose concentration, pH, and the genetic
background of the strain [5–7]. The ability to form mats is strictly
dependent on the expression of Flo11p, a 1367 amino acids cell
surface adhesion glycoprotein [6]. Like most fungal adhesins,
Flo11p is composed of three domains: an N-terminal domain that
protrudes from the cell surface; a large middle domain consisting
in short (10–50 amino acids) serine- and threonine-rich repeats
that are heavily glycosylated; and a C-terminal domain that linkschemical Societies. Published by E
’Enzymologie et Biochimie
rrasse, 91190 Gif-sur-Yvette,
Kabani).the protein to the cell-wall through a glycophosphatidylinositol
(GPI)-anchor [2,4]. Flo11p is also required for adhesion to abiotic
surfaces (e.g. plastic), for haploid invasive growth and diploid ﬁla-
mentous growth upon nitrogen starvation [6,8–11].
We previously reported that the cytosolic Hsp70 machinery
plays crucial roles in mat formation [12]. Hsp70s are ubiquitous
molecular chaperones that play essential roles in the synthesis,
folding, assembly, transport and degradation of proteins [13,14].
Hsp70s are regulated by an allosteric mechanism that couples
ATP hydrolysis to conformational changes that increase the afﬁnity
for polypeptide substrates [13,14]. Members of the Hsp40 family
(e.g. Ydj1p) stimulate ATP hydrolysis and substrate binding via
their J-domain, while nucleotide exchange factors (e.g. Fes1p,
Sse1p) trigger ADP release and substrate dissociation [13,14]. We
previously showed that the deletion of the genes encoding Ydj1p
or Sse1p dramatically affected mat formation and caused a hyper-
invasive phenotype by increasing the expression of Flo11p at the
cell surface [12]. Mutations in the cytosolic Hsp70s Ssa1p and
Ssa2p had milder effects on mat formation [12]. Furthermore, the
deletion of FES1 completely blocked mat formation but did not
compromise invasive growth nor Flo11p expression and cell sur-
face localization, suggesting that Flo11p-independent cellular pro-
cesses are also critical for mat formation [12].
In the present study, we asked whether other cytosolic J-pro-
teins beside Ydj1p are required for mat formation. We show that
the yeast auxilin ortholog Swa2p, which is required for clathrin
disassembly, is required for mat formation but not for invasivelsevier B.V. All rights reserved.
Fig. 1. Ydj1p and Swa2p are required for bioﬁlm formation. The indicated strains were inoculated at the center of low-agar YPD plates and grown at 23 for 7 days before
being photographed.
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and defects in its processing. We also show that the same domains
of Swa2p are required for its function in clathrin dynamics and
Flo11p maturation. We thus propose that Flo11p recycling by
endocytosis at the cell surface, which is permitted by the fact that
Flo11p is not covalently linked to the cell-wall, is necessary for mat
formation.
2. Materials and methods
2.1. Yeast strains, plasmids, media, and growth conditions
All S. cerevisiae strains used in this study are described in Sup-
plementary Table S1 and were constructed in the R1278b deriva-
tives TBR1 or JK371 (expressing Flo11p-HA) strains (generous
gifts from Todd B. Reynolds and Jinmi Kim, respectively) [6,15].
Gene deletions were made using standard techniques [16] and
completely removed the indicated open reading frames from the
start to the stop codons (construction details are available upon re-
quest). For each gene deletion, the phenotypic characterizationwas carried out at least on two independent clones. Yeast strains
were propagated on YPD medium (1% yeast extract, 2% bacto pep-
tone, 2% glucose, 2% bacto agar) or synthetic deﬁned (SD) medium
(1.7 g/l yeast nitrogen base without amino-acids and ammonium
sulfate (Difco), 5 g/l ammonium sulfate, 2% glucose, 2% bacto agar)
supplemented with uracil, leucine, and histidine when appropriate.
The pRS315 (LEU2)-based plasmids encoding deletion alleles of
SWA2 [17] were a generous gift from Dr. Todd R. Graham (Vander-
bilt University, Nashville, USA). These plasmids were transformed
into a Dswa2mutant containing pSWA2-URA3 [17] which was sub-
sequently counter-selected on 5-ﬂuoroorotic acid (5-FOA) contain-
ing medium.
For mat assays, low-agar YPD plates containing 0.3% bacto agar
were poured and left for 2–3 days at room temperature. The indi-
cated yeast cells were then inoculated with a toothpick on the cen-
ter of the plates that were then wrapped in paraﬁlm and incubated
at 23 or 28 for 7 days [6,12].
For invasive growth assays, the indicated strains were heavily
streaked on YPD plates and allowed to grow for 5 days at 23 or
28. The plates were photographed, and then washed under a gen-
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were further washed and rubbed with a gloved ﬁnger to remove
the remaining attached cells and photographed again [12].
2.2. Preparation of protein extracts and Western blot analysis
Total protein extracts were prepared by incubating 10 OD600 nm
units of cells in 200 ll of cracking buffer (0.1 M NaOH, 0.05 M
EDTA, 2% SDS, 2% b-mercaptoethanol) and heating at 90 for
10 min [18]. The mixture was neutralized with 5 ll of 4 M acetic
acid and further incubated at 90 for 10 min. Before adding 50 ll
of loading buffer (0.25 M Tris–Cl, pH 6.8, 50% glycerol, 0.05% bro-
mophenol blue) [18], we checked that protein concentrations were
similar in all extracts by measuring the absorbance at 280 nm.
For subcellular fractionation, 50–100 OD600 nm units of cells
were recovered and resuspended in one volume of lysis buffer
(50 mM Tris–Cl, pH 7.4, 150 mM NaCl) supplemented with 1 mM
PMSF and an anti-protease cocktail (Roche Applied Science). Glass
beads were added to half the cell suspension volume and cells
were broken by eight cycles of vortexing for 30 s with 1 min incu-
bation on ice between each vortexing. The total lysate was centri-
fuged for 5 min at 4000g and at 4 to pellet cell-walls, debris and
unbroken cells. The cleared lysate was centrifuged for 15 min at
13 000g and at 4, and the resulting supernatant was further cen-
trifuged at 150 000g for 90 min and at 4 to generate the P150
pellet (Golgi complex, endosomal membranes, transport vesicles)
and the S150 fraction (soluble cytosolic proteins, soluble proteins
from damaged organelles and released peripheral membrane pro-
teins). The P150 pellet was resuspended in the same volume of
buffer as the S150 fractions. The cell-walls were washed four times
with 1 M NaCl, 1 mM PMSF to remove contaminating cytosolic pro-
teins, and incubated for 10 min at 90 in cell-wall extraction buffer
(50 mM Tris–Cl, pH 8.0, 100 mM EDTA, 2% SDS, 40 mM b-mercap-
toethanol) to extract proteins that are non-covalently associated to
the cell-wall (SDS/bME). The cell-walls were pelleted by centrifu-
gation for 5 min at 4000g, extensively washed with water and
resuspended in lysis buffer containing 1 mM PMSF. Zymolyase
20T (10 units) was added and the mixture was incubated for
3 h at 30 with agitation. Cell-walls were removed by centrifuga-
tion and proteins covalently associated with the cell-wall and re-
leased by the zymolyase treatment (Zymo) were hence recovered.
Equal amounts of proteins were electrophoretically resolved
using 4–12% NuPAGE Novex bis–tris polyacrylamide gels (Invitro-
gen) and MOPS–SDS running buffer according to the manufac-
turer’s instructions. Proteins were analyzed by Western blotting
using 12CA5mouse monoclonal anti-HA antibodies (Roche Applied
Science), rabbit polyclonal anti-BiP (Kar2p) antibodies (a generous
gift from Jeffrey L. Brodsky, University of Pittsburgh, USA), rabbit
polyclonal anti-Ydj1p antibodies, and mouse monoclonal anti-
Chc1p antibodies (a generous gift from Sandra K. Lemmon, Univer-
sity of Miami, USA). Immunoblots were developed using enhanced
chemiluminescence reagents (Pierce) and a LAS-3000 imager (Fuji),
and quantiﬁed using the ImageJ software (NIH).3. Results
3.1. Deletion of non-essential cytosolic J-protein encoding genes
reveals a role for Swa2p in mat formation but not in invasive growth
In order to identify which of the 11 non-essential cytosolic J-
proteins are involved in mat formation, we constructed strains
bearing deletions of each of the corresponding genes in the
R1278b genetic background. As shown in Supplementary Fig. S1,
these mutants were all viable in the R1278b background and their
growth phenotypes at different temperatures were similar to thosepreviously reported in other genetic backgrounds [19]. We then as-
sayed each of these strains for mat formation on low-density agar
Petri plates at 23 (Fig. 1). As expected, the wild-type strain formed
mats with the characteristic spokes and substructures while the
Dydj1 strain was completely unable to form mats (Fig. 1). All the
other strains were able to form mats except for Dswa2 which
was severely affected in this process (Fig. 1). Importantly, the
inability of Dswa2 to form bioﬁlms is unlikely to be due to its slow
growth phenotype because it could still not form mats when incu-
bated at 28, a temperature at which Dswa2 is healthier (Supple-
mentary Figs. S1 and S2).
The Flo11p adhesin is required for bioﬁlm formation, but also
for haploid invasive growth [10], and mutations that increase or
decrease the expression of FLO11 result in hyperinvasive or non-
invasive phenotypes, respectively [10,12,20]. Our J-protein mu-
tants were then tested in a standard agar invasion assay where
yeast cells are grown on YPD plates which are then washed with
a gentle stream of water to remove non-adherent cells. The Dﬂo11
strain was readily washed away, as expected [10,12], while all the
other strains remained ﬁrmly attached to the agar surface (Fig. 2).
When the same plates were further washed and rubbed with a
gloved ﬁnger, no invasive cells could be detected for Dﬂo11 as pre-
viously reported [10,12] (Fig. 2). Dydj1 cells displayed the previ-
ously reported hyperinvasive phenotype (Fig. 2) [12,20].
Importantly, and like Dfes1 cells [12], Dswa2 cells were not com-
promised in agar invasion, suggesting normal Flo11p function in
this process (Fig. 2).
3.2. Swa2p is required for proper maturation of Flo11p
To assess Flo11p levels in Dswa2 cells, we deleted SWA2 in
JK371, a R1278b-derivative expressing hemagglutinin (HA)-tagged
Flo11p (Flo11-HA) [15]. The resulting Dswa2mutant was unable to
form mats as expected (Fig. 5B).
Flo11p is a cell-wall associated GPI-anchored mannoprotein
[12,21,22], but little is known about its intracellular trafﬁcking
and maturation steps. We previously detected Flo11-HA in the
membrane fraction of cell extracts as a high molecular weight fuz-
zy band, reﬂecting its glycosylated state [12]. By signiﬁcantly
improving our extraction and electrophoresis procedures (see Sec-
tion 2), we now detect Flo11-HA as two major high-molecular
weight bands (band A and band B; Fig. 3A). Interestingly, Flo11-
HA migrated similarly in the wild-type, Dfes1, Dsse1, and Dydj1
strains, except that 5-6-fold more material in both bands A and B
were detected in Dsse1 and Dydj1. This result suggests that Sse1p
and Ydj1p affect the expression, as previously shown [12], but not
the maturation of Flo11p (Fig. 3A). In the Dswa2 strain however,
Flo11-HA levels in band A decreased by 2–3-fold compared to
the wild-type strain, whereas those in band B were increased by
5–6-fold (Fig. 3A).
Our previous work showed that Flo11p levels and cell surface
localization are the same whether planktonic cells or mats are
examined ([12] and data not shown). Moreover, the transcription
of FLO11 was shown to be only modestly increased in mats com-
pared to planktonic cells [5]. However, to ensure that our observa-
tions with cells that are grown in liquid cultures are representative
of the situation in mats, we analyzed Flo11p levels in cell extracts
derived from wild-type, Dswa2 and Dydj1 cells harvested from
mats (Fig. 3B). Similar western blot proﬁles for Flo11-HA were ob-
tained (Fig. 3A and B) indicating that Flo11p processing is not af-
fected by cell growth on low-agar medium.
As expected for a GPI-anchored protein en route through the
secretory pathway, Flo11-HA was found mainly associated to the
membrane and cell-wall fractions (Fig. 3C and data not shown).
Importantly, Flo11-HA was readily extracted from the cell-wall
with a SDS/b-mercaptoethanol treatment, indicating that it is not
Fig. 2. TheDswa2 strain exhibit normal invasive growth. The indicated strains were heavily streaked on YPD plates containing 2% agar and grown for 5 days at 28. The plates
were photographed, washed with water to remove unattached cells, and photographed again. To remove the remaining cells more effectively, the plates were rubbed with a
gloved ﬁnger under a gentle stream of water and photographed again.
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amounts of Flo11-HA were released after treating the cell-walls
with zymolyase (Fig. 3C). For all the mutants we have tested, both
band A and B were found associated with the cell-wall (Fig. 3C and
data not shown). The defect in mat formation in Dswa2 is therefore
not due to altered localization of Flo11p but rather defects in its
maturation or activity.
Impairment in Swa2p function results in a defect in clathrin dis-
assembly and an increase in the amount of assembled clathrin hea-
vy-chain, Chc1p, in the pellet fraction after centrifugation at
150 000g (P150) [17,23,24]. We indeed observed the accumula-
tion of Chc1p in the P150 pellet (45%) compared to the soluble
S150 fraction (55%) in our Dswa2 strain (Fig. 3D). Most of Chc1p
was found in the S150 fraction in the wild-type, Dfes1 and Dydj1
strains (80–85%) (Fig. 3D), suggesting that Fes1p and Ydj1p have
no role in clathrin (dis)assembly.
3.3. The TPR and J-domains of Swa2p are required for maintaining
proper Flo11p levels
Swa2p is a modular protein that contains at least three clathrin-
binding (CB) motifs and an ubiquitin-association (UBA) domain in
its N-terminal moiety, and a tetratricopeptide repeat (TPR) and a J-
domain in its C-terminal moiety [17] (Fig. 4A). T.R. Graham and
collaborators previously showed that deleting all CB motifs se-
verely affects clathrin disassembly but does not abrogate Swa2p
function in vivo [17]. The UBA domain also appeared dispensable
for Swa2p function in vivo [17]. In contrast, the deletion of either
the TPR or the J-domains completely abolished Swa2p function,
indicating critical and non-overlapping roles of these domains in
Swa2p-mediated regulation of Hsc70 activity [17]. Point mutations
in the TPR (G388R) or in the J-domain (HPD? AAA) had much
milder effects than the complete deletion of the corresponding do-
mains [17]. However, combining these two mutations abolished
Swa2p function in vivo similarly to the whole deletion of the
SWA2 gene [17].
To address the role of these Swa2p domains in Flo11p process-
ing, we introduced these pRS315-borne swa2 alleles into ourDswa2 strain expressing Flo11-HA (see Section 2). Total cell
extracts were then prepared from each of these strains and
Flo11-HA levels were analyzed by SDS–PAGE and Western blot.
As shown in Fig. 4B, the Dswa2 strain bearing an empty pRS315
vector accumulated Flo11-HA, whereas the introduction of plas-
mid-borne wild-type SWA2 restored Flo11-HA to normal levels.
Flo11-HA levels in strains expressing swa2 alleles with individual
or combined deletions of the CB1, CB2 and UBA domains were sim-
ilar to the strain expressing wild-type Swa2p (Fig. 4B; SWA2, swa2-
DUBA, swa2-D2-100, swa2-D2-181, swa2-D2-287, and swa2-D2-
302). In contrast, the deletion of all the CB motifs impaired Swa2p
function and Flo11-HA accumulated in the corresponding strain
(Fig. 4B; swa2-D2-362). Similarly, the deletion of the TPR or the
J-domain caused the accumulation of Flo11-HA (Fig. 4B; swa2-
DTPR, swa2-DJ), while point mutations in these domains caused
an intermediate phenotype (Fig. 4B; swa2-tpr, or swa2-j alleles).
However, combining the two point mutations resulted in the inac-
tivation of Swa2p and in the massive accumulation of Flo11-HA
(Fig. 4B; swa2-tpr-j). Hence, the behavior of these swa2 alleles to-
wards Flo11-HA accumulation perfectly mirrored their described
effects on growth [17], and suggests that the function of Swa2p
in clathrin dynamics in vivo is required for proper Flo11-HA pro-
cessing and hence for bioﬁlm formation.
We were unable to reliably test the ability of these swa2 alleles
to complement the defect in mat formation of Dswa2 because the
plasmid borne alleles appeared instable and readily lost on the rich
low-agar medium. However, because the accumulation of Flo11-
HA in swa2-D2-362, swa2-DTPR, swa2-DJ, and swa2-tpr-j is very
similar to that observed in Dswa2 cells (Fig. 4B), mat formation
in these mutants defective for Swa2p function is probably affected
as well.
3.4. Dclc1 cells exhibit slight defects in mat formation
We have shown so far that the function of Swa2p in regulating
clathrin dynamics is essential for bioﬁlm formation. We then de-
leted CLC1, the gene encoding the clathrin light-chain that pro-
motes the trimerization of clathrin heavy-chain [25–27]. The
Fig. 3. The maturation of Flo11p is compromised in Dswa2 cells. (A) Total cell extracts were prepared as described in [18] from the untagged wild-type strain (control) or
from the indicated strains expressing HA-tagged Flo11p that were grown at 23 to post-log phase. Equal amounts of proteins were resolved by SDS–PAGE on 4–12%
polyacrylamide gels and analyzed by Western blotting with anti-HA and anti-BiP antibodies. Flo11-HA is detected as two high molecular weight bands: band A (ﬁlled arrow)
and band B (empty arrow). (B) Same as (A) except that cell extracts were prepared from the indicated strains grown as mats on low-agar medium at 23. (C) Total cell extracts
were prepared from the indicated strains grown at 23 to post-log phase, and cell-walls were recovered as described in Section 2. Proteins not covalently associated to the
cell-walls were extracted with SDS/b-mercaptoethanol (SDS/bME) for 10 min at 90. The cell-walls were subsequently washed with water and then treated with Zymolyase
(Zymo) for 3 h at 30 to extract covalently linked proteins. Proteins were loaded onto 4–12% polyacrylamide gels and analyzed by Western blotting with the appropriate
antibodies. (D) Cell extracts were prepared from the indicated strains grown at 23 to post-log phase. P150 and S150 fractions were obtained as described in Section 2 and
analyzed by SDS–PAGE and western blot using antibodies against the indicated proteins.
Fig. 4. Requirement for Swa2p domains for its function in mat formation. (A)
Scheme of the modular structure of Swa2p (CB1-3: clathrin-binding domains; UBA:
ubiquitin-association domain; TPR: tetratricopeptide repeat domain; J: J-domain).
Numbers point to residues delimiting each domain [17]. (B) Total cell extracts were
prepared as described in Fig. 3A from Dswa2 cells bearing plasmids expressing the
indicated swa2 alleles [17] and grown in SD medium without leucine at 23 to post-
log phase. Equal amounts of proteins were resolved by SDS–PAGE on 4–12%
polyacrylamide gels and analyzed by Western blotting with indicated antibodies.
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tures, in contrast to previous observations in other genetic back-
grounds [26,27] (Fig. 5A). The Dclc1 strain showed a defect in
mat formation, although not as pronounced as that observed with
the Dswa2 strain. The mats formed by the Dclc1 strain were smal-
ler and smoother with fewer substructures (Fig. 5B). We were not
able to delete the clathrin heavy-chain encoding gene (CHC1) in
our R1278b derived-strain, indicating that it might be essential
in this genetic background as previously shown for some (but
not all) yeast strains [28,29].
We then prepared total cell extracts from the wild-type and
Dclc1 strains and analyzed the amount of clathrin heavy-chain
and Flo11-HA by western blot. Surprisingly, Flo11-HA levels in
Dclc1 were similar to those obtained in the wild-type strain
(Fig. 5C), indicating either that mat formation is affected indepen-
dently of Flo11p in this mutant or that the Swa2p/Hsc70-mediated
assembly of clathrin heavy-chain alone can efﬁciently compensate
for the lack of clathrin light-chain in vivo. In support with the latter
hypothesis, we found that the intracellular levels of Chc1p were
not affected in our Dclc1 mutant (Fig. 5C), in contrast to what
has been previously reported in another genetic background [26].
Moreover, the amount of Chc1p found in the P150 pellet after cell
fractionation was the same in the wild-type and in the Dclc1
strains, arguing against a major defect in clathrin function in the
latter (Fig. 5D).
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Our prior studies suggested that the cytosolic Hsp70 machinery
plays crucial roles in bioﬁlm formation in the yeast S. cerevisiae
[12]. To extend this work, we screened for non-essential cytosolic
J-proteins required for mat formation and found that the deletion
of YDJ1 and SWA2 completely blocked bioﬁlm formation (Fig. 1).
The implication of Ydj1p in bioﬁlm formation has been previously
reported [12]. SWA2 encodes the yeast ortholog of mammalian
auxilin, a protein required for the uncoating of clathrin-coated ves-
icles [23,24,30]. The deletion of SWA2 leads to pleiotropic pheno-
types, including slow growth and defects in protein trafﬁcking
[24]. This raised the question of whether the inability of Dswa2
cells to form mats merely results from the sum of these defects
or rather reﬂects a speciﬁc function played by Swa2p in this pro-
cess. In support with the latter, we found that Flo11p accumulated
in Dswa2 cells (Fig. 3A) but this did not lead to a hyperinvasive
phenotype as in Dsse1 or Dydj1 cells (Fig. 2). The situation in
Dswa2 cells must therefore be different, and not all Flo11p mole-
cules may be exposed at the cell surface and/or functional. In sup-
port with this hypothesis, the band pattern of Flo11p in total cell
extracts derived from the Dswa2 strain differed from that obtained
from the wild-type, Dfes1 and Dsse1 strains (Fig. 3A). Flo11p was
detected as two major products, both of higher molecular weight
than the predicted size of 150 kDa, indicating they are both
post-translationally modiﬁed forms of the proteins. Such modiﬁca-
tions may include the addition of a GPI-anchor, N-glycosylation
and O-mannosylation [22]. Dranginis and collaborators expressed
a GPI-anchor-less variant of Flo11p that was secreted in the med-
ium and migrated as a polypeptide with an apparent molecular
weight of 200 kDa similar to the band A in our western blotsFig. 5. The Dclc1 strain exhibit slight defects in mat formation. (A) The indicated
strains (in the JK371 background) were grown to exponential phase and 10-fold
serial dilutions were spotted onto YPD plates and incubated for 2–3 days at the
indicated temperatures. (B) The indicated strains were tested for mat formation for
7 days at 23. (C) Total cell extracts from the indicated strains were prepared as
described in Fig. 3A and analyzed by SDS–PAGE and western blot using antibodies
against the indicated proteins. (D) P150 and S150 fractions were obtained from the
indicated strains grown at 23 to post-log phase as described in Section 2 and
analyzed by SDS–PAGE and Western blot using appropriate antibodies.[22]. Upon puriﬁcation and concentration, the protein was retained
in the stacking gel and considered aggregated [22]. We do not be-
lieve that band B represents an aggregated form of the protein, be-
cause we examined Flo11p in its native context and because we
were able to detect band B in the supernatant after high speed cen-
trifugation of cell extracts (data not shown). Both bands A and B
were found associated to the cell-wall (Fig. 3C), but it is presently
unclear whether they correspond to two distinct forms of Flo11p
that have different post-translational modiﬁcations. Another possi-
bility is that these bands reﬂect the recycling and degradation of
Flo11p at the cell surface. It has been recently proposed that the
localization of Flo11p is highly dynamic during colony formation
[31]. A GFP-tagged variant of Flo11p was localized at the bud-neck
regions of dividing cells at the early stages of colony formation,
then spread throughout the cell surface at later stages [31]. Inter-
estingly, when the colonies were fully developed, the GFP ﬂuores-
cence weakened at the cell surface but a strong signal appeared in
the vacuoles, suggesting that GFP-Flo11p has been endocytosed
and targeted for vacuolar degradation [31]. Hence, tight control
of Flo11p expression, localization and degradation may be required
to ensure proper mat formation. Thus, we propose a model where
Flo11p recycling via clathrin-dependent endocytosis is required for
mat formation. This process is dependent on the function of Swa2p
in clathrin dynamics. Indeed, the TPR and J-domains of Swa2p that
are essential for its function in vivo and to maintain normal clath-
rin distribution [17] are also required for proper Flo11p processing
(Fig. 4). Moreover, we show that Flo11p is not covalently linked to
the cell-wall (Fig. 3C), which may facilitate its recycling by endocy-
tosis. The fact thatDclc1 cells are slightly affected in mat formation
(Fig. 5B) supports this hypothesis despite normal Flo11p band pat-
tern and clathrin distribution (Fig. 5) that may be due to the efﬁ-
cient activity of Swa2p in regulating the assembly of the clathrin
heavy-chain alone. Because its levels are decreased in Dswa2
(Fig. 3A), band Amay represent a recycling/degradation-competent
form. In the absence of clathrin-dependent endocytosis, band A
may fail to form and band B then accumulates as seen in Dswa2,
which causes defects in mat formation. It is unclear why the accu-
mulation of band B at the cell surface of Dswa2 cells does not cause
a hyperinvasive phenotype (Fig. 2).
Further efforts are needed to explore the dynamic processing of
Flo11p and understand how perturbations in the pathways that
regulate the expression, localization and possibly degradation of
this protein affect the formation of bioﬁlms. Our improved proce-
dures to detect the different forms of Flo11p may be combined
with the screen of a larger collection of mutants for defects in
mat formation and invasive growth, and with the characterization
of the post-translational modiﬁcations that are added to this adhe-
sin at the different stages of its life cycle. Investigating whether
similar mechanisms exist in pathogenic fungi to regulate their
interaction with abiotic surfaces or their hosts will be of great
interest and may provide alternate targets for drug design.
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